To better understand the biology and the virulence determinants of the two major mycobacterial human pathogens Mycobacterium tuberculosis and Mycobacterium leprae, their genome sequences have been determined recently. In silico comparisons revealed that among the 1439 genes common to both M. tuberculosis and M. leprae, 219 genes code for proteins that show no similarity with proteins from other organisms. Therefore, the latter 'core' genes could be specific for mycobacteria or even for the intracellular mycobacterial pathogens. To obtain more information as to whether these genes really were mycobacteria-specific, they were included in a focused macro-array, which also contained genes from previously defined regions of difference (RD) known to be absent from Mycobacterium bovis BCG relative to M. tuberculosis. Hybridization of DNA from 40 strains of the M. tuberculosis complex and in silico comparison of these genes with the near-complete genome sequences from Mycobacterium avium, Mycobacterium marinum and Mycobacterium smegmatis were undertaken to answer this question. The results showed that among the 219 conserved genes, very few were not present in all the strains tested. Some of these missing genes code for proteins of the ESAT-6 family, a group of highly immunogenic small proteins whose presence and number is variable among the genomically highly conserved members of the M. tuberculosis complex. Indeed, the results suggest that, with few exceptions, the 'core' genes conserved among M. tuberculosis H37Rv and M. leprae are also highly conserved among other mycobacterial strains, which makes them interesting potential targets for developing new specific anti-mycobacterial drugs. In contrast, the genes from RD regions showed great variability among certain members of the M. tuberculosis complex, and some new specific deletions in Mycobacterium canettii, Mycobacterium microti and seal isolates were identified and further characterized during this study. Together with the distribution of a particular 6 or 7 bp micro-deletion in the gene encoding the polyketide synthase pks15/1, these results confirm and further extend the revised phylogenetic model for the M. tuberculosis complex recently presented.
INTRODUCTION
The enormous efforts in the field of mycobacterial genomics in the past few years have resulted in the availability of the whole-genome sequences of Mycobacterium tuberculosis and Mycobacterium leprae, the aetiological agents of human tuberculosis and leprosy ). In addition, the genome sequences of several other mycobacterial species have been accomplished recently (Garnier et al., 2003; Fleischmann et al., 2002) or are in the finishing phase (for an overview see http://www.pasteur.fr/recherche/ unites/Lgmb/mycogenomics.html). These sequences are providing a huge body of information, whose analysis can provide deep insights into the biology and evolution of mycobacterial pathogens and related organisms. One efficient way for extracting relevant biological information from sequence data is comparative genomics, a discipline that is based on bioinformatics and various hybridization techniques. In the present study, we have developed and employed a focused macro-array for the analysis of strains belonging to the M. tuberculosis complex, a tight-knit complex of slow-growing mycobacteria comprising M. tuberculosis, the causative agent in the vast majority of human tuberculosis cases; Mycobacterium canettii and Mycobacterium africanum, both agents of human tuberculosis in sub-Saharan Africa; Mycobacterium microti, an agent of tuberculosis in voles; and Mycobacterium bovis, which infects a wide variety of mammalian species including humans. The members of the complex share great genetic similarity, seen by homology at the DNA level of greater than 99?9 %, but differ by some particular phenotypic characteristics including different host preferences that have led researchers to retain the traditional species names of these bacteria (Brosch et al., 2000) . For easier data handling and because the variability of house-keeping genes is negligible, the number of genes included in the array was restricted to 500 specially selected genes from M. tuberculosis and M. bovis. The selection of genes was based on several criteria, including their presence in the genomes of M. tuberculosis and M. leprae relative to genomes of other organisms available in public databases, their potential to be involved in virulence, their genomic location close to the highly conserved IS1081 insertion elements or their affiliation to certain gene families. Of particular interest were the 'core' mycobacterial genes, of which there are 219. These were first identified on the basis of their restriction to M. leprae and M. tuberculosis, and their conservation by the former, despite the massive gene decay that has occurred, strongly suggests that these gene functions are essential for M. leprae and possibly other mycobacteria. Genes that were variable between M. tuberculosis and the highly related vaccine strain M. bovis BCG (Mahairas et al., 1996; Gordon et al., 1999; Behr et al., 1999) were also included. The hybridization of genomic DNAs from a large number of mycobacterial strains to the so-designed arrays, combined with bioinformatic analyses of the sequence data available for mycobacteria, made it possible to simultaneously identify genes that were conserved throughout the mycobacteria, and to determine the genes that were missing from one or more strains. Whereas highly conserved genes that are confined only to mycobacteria encode potential new drug targets, variable genes may be implicated in the virulence or host range of the mycobacterium concerned. Furthermore, some of the newly identified and analysed variable regions in M. canettii, M. microti and seal isolates, as well as the occurrence of a particular micro-deletion of 6 or 7 bp in the polyketide synthase pks15/1 gene of certain strains, enable the recently proposed evolutionary scenario of the M. tuberculosis complex to be tested further and consolidated .
METHODS
Bacterial strains. The 40 M. tuberculosis complex strains were composed of 18 M. tuberculosis strains and 11 M. bovis strains isolated from different organs of humans and animals, originating from different countries. Two M. bovis BCG vaccine strains (Birkhaug and Mérieux), two strains that were listed as M. africanum (001, 940946) in the collection of the Institut Pasteur as well as four M. microti (ATCC 35782, 94/2272, 005004, OV254) , two M. canettii (14000059, 990161) and one M. canettii-like clinical isolate (990263) were included. The strains have been extensively characterized by reference typing methods, i.e. IS6110-RFLP typing and spoligotyping. Other tested mycobacterial species were Mycobacterium avium, Mycobacterium marinum and Mycobacterium smegmatis. For the investigation of the micro-deletion in the pks15/1 locus, 21 selected genomic DNAs were taken from a collection previously used for the study of the evolution of the M. tuberculosis complex in addition to 15 DNAs from the macro-array hybridization study.
In silico analyses of mycobacterial species. The complete genome sequences of M. tuberculosis and M. leprae were shown to differ extensively in size and number of genes. The genome of M. tuberculosis comprises 4 411 532 bp and 3993 protein-coding genes Camus et al., 2002) , whereas M. leprae contains 3 268 203 bp and only 1605 genes, but numerous pseudogenes . In silico comparison of the predicted proteins shared by M. tuberculosis and M. leprae was done employing BLAST and FASTA alignment programs against public databases and partial genome sequences (available at web sites http://www.sanger. ac.uk/Projects/M_marinum/ and http://www.tigr.org). To be listed as a conserved mycobacterial protein, 40 % identity at the protein level between M. tuberculosis and M. leprae was used as the cut-off level . The presence or absence of these genes in M. avium, M. marinum and M. smegmatis was determined in a similar manner by using 40 % identity over at least 70 % of the complete length of the tested protein. For selected cases, to determine if proteins corresponded to orthologous proteins in two species, the bi-directional best-hit method was applied, by comparing a given protein of M. tuberculosis with the sequence of another species, e.g. M. marinum. The protein sequence from M. marinum, which showed the highest similarity, was then compared back to the M. tuberculosis database, and, in the case of an orthologous protein, showed its best hit with the protein with which the initial comparison was started. This method was particularly useful when genes or proteins from multi-gene families were compared, as high scores due to cross-hybridization may appear.
PCR. PCR amplification was used for making probes, for confirmation of the absence of genes that were suggested to be absent in certain tested strains by macro-array results, and for generating the DNA fragments of junction regions of deleted regions. According to the type of application, different volumes were used. For the production of probes, which were spotted on the macro-array, PCRs were performed in 96-well plates containing 12?5 ml of 106 PCR buffer [600 mM Tris/HCl pH 8?8, 20 mM MgCl 2 , 170 mM (NH 4 ) 2 SO 4 , 100 mM b-mercaptoethanol], 12?5 ml of 20 mM nucleotide mix, 25 ml each primer at 2 mM, 10 ng template DNA, 10 % DMSO, 2 U Taq polymerase (Gibco-BRL) and sterile water to 125 ml. Amplification of junction regions and evaluation of the presence or absence of genes that showed no or weak hybridization by macroarray experiments with genomic DNA from a given strain were performed in a total reaction volume of 12?5 ml, as described previously . Thermal cycling was performed on a PTC-100 amplifier (MJ) with an initial denaturation step of 90 s at 95 uC, followed by 35 cycles of 30 s at 95 uC, 1 min at 58 uC and 4 min at 72 uC.
Macro-arrays. The selection of 500 genes for the focused macroarray included 219 genes common to both M. tuberculosis and M. leprae that code for proteins that did not show any similarity with proteins from other organisms in the public databases. Genes that were classified in the M. tuberculosis H37Rv genome as potentially involved in virulence as well as genes that belonged to certain multi-gene families Tekaia et al., 1999) were also included in the selection. Differences in the copy number of the insertion element IS1081 in the M. tuberculosis complex are almost entirely restricted to M. canettii. To determine if genes that flank IS1081 elements in the genome of M. tuberculosis H37Rv were conserved throughout the members of the M. tuberculosis complex, these genes were also selected for the construction of the macro-arrays. The selection also included genes that were variable between M. tuberculosis and the highly related vaccine strain M. bovis BCG (Mahairas et al., 1996; Gordon et al., 1999; Behr et al., 1999) . Several house-keeping genes and other genes for which oligonucleotides were available in the laboratory were used for control purposes. The sequences of selected genes from M. tuberculosis H37Rv and M. bovis BCG Pasteur were downloaded by using the complete genome sequence (http://genolist.pasteur.fr/TubercuList/) displayed by the ARTEMIS software (Rutherford et al., 2000) or by using in-house databases. The design of primer pairs for the amplification of~500 bp portions of these genes was done using the PRIMER 3 software (available via http://www-genome.wi.mit.edu/ cgi-bin/primer/primer3_www.cgi). The oligonucleotides used for the amplification of the probes were designed to have annealing temperatures in the range 58-60 uC. PCRs were performed in a final volume of 125 ml as described above. Fifty-five microlitres of the 125 ml of the PCR product were transferred from the 96-well plates in 384-well plates using a pipetting robot (Tecan). After estimation of the amount of amplification product by gel electrophoresis and ethidium-bromide staining, each PCR product was then deposited in duplicate on a 22622 cm Q-filter N+222 mm membrane (Genetix) by a gridding robot (QPIX). Probes were fixed and denatured by putting the freshly spotted membranes on Whatman paper soaked with fixation solution (0?5 M NaOH, 1?5 M NaCl) and leaving them for 15 min. The reaction was stopped by using distilled water. Membranes were stored wet at 220 uC for further use. Membranes were pre-hybridized and hybridized in 10 ml of a solution containing SSPE buffer (750 mM NaCl, 50 mM NaH 2 PO 4 , 5 mM EDTA) with 1 % SDS, Denhardt's reagent composed of 0?01 % Ficoll, 0?01 % polyvinylpyrrolidone and 0?01 % BSA and sonicated salmon DNA at a final concentration of 100 mg ml 21 . Prehybridization was performed during 1 h at 65 uC. Genomic DNAs from the various mycobacterial strains were labelled by random incorporation of [a-
33 P]dCTP into the synthesized complementary strand using the Prime-it II kit (Stratagene). Unincorporated nucleotides were removed by exclusion chromatography with the QIAquick Nucleotide Removal kit (Qiagen). Membranes were hybridized overnight at 65 uC with the labelled probe followed by four washing steps in 10 ml of 0?56 SSPE, 0?2 % SDS solution. The first two washes were done at room temperature for 5 min followed by two washes at 65 uC for 20 min. Membranes were sealed in Saran wrap, exposed to a screen for 2 days and scanned on a STORM phosphorimager (Molecular Dynamics); signals were quantified and visualized using the IMAGE QUANT (Molecular Dynamics) software. The hybridization signals of each spot hybridized with the genomic DNAs from the various strains were compared to a control membrane hybridized with the reference strain M. tuberculosis H37Rv using the ARRAY VISION software (Imaging Research). For normalization purposes, the intensities from the central and the surrounding area of each spot were calculated. The intensity from the surrounding area, due to non-specific background hybridization signals, was subtracted from the spot intensity. To compare spot intensities from different membranes, a mean background intensity was calculated for each membrane, which was then used for establishing a correction factor to normalize the spot intensities from individual membranes. The log 10 ratios between the normalized intensities of each spot from a tested strain compared to the reference strain M. tuberculosis H37Rv were used to estimate whether a gene was present or absent in a given strain. The cut-off was determined using a Gaussian model involving the mean and the standard deviation. For confirmation purposes, the genes which were found absent by this approach were re-tested by PCR analysis in the corresponding strain.
Sequencing of junction regions. For genes that were missing from certain strains, PCR confirmation was done as described above. Then, new primers that were situated in the flanking regions of the missing gene(s) were designed. After amplification of the fragment containing the junction region of a given new deleted region, the fragment was purified by using a QIAquick PCR purification kit. For sequencing, we used 500 ng purified amplification product, 3 ml Big Dye sequencing mix (Applied Biosystems), 2 ml (2 mM) flanking primer and 3 ml of 56 buffer (5 mM MgCl 2 , 200 mM Tris/HCl pH 8?8). Thermal cycling was performed on a PTC-100 amplifier (MJ), with an initial denaturation step of 1 min at 96 uC, followed by 35 cycles of 30 s at 96 uC, 15 s at 56 uC and 4 min at 60 uC). The products were then precipitated with 80 ml of 76 % ethanol, centrifuged, washed with 70 % ethanol and dried. Then, 2 ml of formamide/EDTA buffer were added and, after denaturation, the samples were loaded onto 4 % polyacrylamide gels (48 cm). Electrophoresis lasted for 10-12 h on a model 377 automated DNA sequencer (Applied Biosystems). Obtained sequences were compared to the genome sequence of M. tuberculosis H37Rv using the TubercuList server at the Institut Pasteur, allowing the size and exact location of deleted regions to be determined. Representative sequences of the junction regions were deposited in the EMBL database under accession numbers AJ583832, AJ583833 and AJ583834.
RESULTS

Bioinformatic analysis
Comparative genome analysis was carried out by screening all proteins in public databases for similarities with putative proteins from M. tuberculosis and M. leprae using the BLASTP and FASTA programs. Initially, this approach identified 219 genes encoding orthologous proteins in M. tuberculosis and M. leprae, but which showed no appreciable similarity with other proteins . The conservation of these genes by M. leprae in the face of extensive reductive evolution strongly suggests that they encode essential functions. These genes appear to code for proteins that are restricted to mycobacteria and possibly to closely related actinobacteria, whose sequences were not available in the public databases at the time of writing. Many of these genes were classified in the original genome analysis in the group for which no function could be predicted. However, during the re-annotation of the M. tuberculosis H37Rv genome (Camus et al., 2002) , based on similarities with new sequence data from other organisms or experimental data (Rosenkrands et al., 2000) , the majority of these genes were re-grouped into categories for which a higher level of functional information is now available. Of the 219 genes specific for M. tuberculosis and M. leprae, 102 belong to the cell-wall and cell-processes class and 97 to the class of conserved hypothetical proteins. Ten are PE and PPE proteins with the remainder belonging to other classes ( Fig. 1, Table 1 ). To test whether these genes were indeed conserved throughout the genus Mycobacterium, in silico comparison of the translated sequences with the predicted open reading frames (ORFs) from the almost-finished genome sequences of M. marinum, M. avium and M. smegmatis were undertaken. This analysis showed that, with a few exceptions, the great majority of these genes had orthologues present in M. marinum, M. avium and M. smegmatis (Table 1) . Most of the genes which were not conserved among these species belong to the PE/PPE families, suggesting that extensive variation in number and sequence of these genes exists among the mycobacteria. M. marinum, one of the closest relatives of M. tuberculosis, as determined by 16S rRNA analysis (Springer et al., 1996) , was missing only nine of the 219 conserved genes, whereas M. avium lacked 20, including the genes of the RD1 region, which are also absent from M. bovis BCG and M. microti. In the fast-grower M. smegmatis, 18 of the conserved genes did not have a counterpart.
Macro-array analysis of the M. tuberculosis complex
The focused macro-array contained 500 gene fragments chosen according to criteria outlined above. To test the specificity of the array, hybridizations were undertaken with labelled plasmid DNA from a bacterial artificial chromosome (BAC) clone (Mi10C12) containing a 100 kb fragment from M. microti OV254 corresponding to genes Rv3802 to Rv3884 in M. tuberculosis H37Rv. Analysis of the hybridization signals quantified by using a phosphorimager and the ARRAY VISION software and generic file management programs allowed a large dataset to be established ( Table 2) . Absence of genes was further confirmed by PCR analysis and, where possible, by in silico comparison with finished or unfinished genome sequences. As expected, most of the 219 genes conserved between M. tuberculosis and M. leprae hybridized with the set of strains from the M. tuberculosis complex. Among the 102 genes presumably implicated in cell-wall structure and cell processes, three genes embCAB (Rv3793-94-95) code for arabinosyltransferases, which are targets for ethambutol, a front-line anti-tuberculosis drug (Belanger et al., 1996; Telenti et al., 1997) . Apart from results of bioinformatic analyses, confirming the presence of the three genes in M. avium, M. marinum and M. smegmatis, these three genes were also identified by the macro-array hybridizations as being present among all tested strains of the M. tuberculosis complex. This finding is encouraging and suggests that, among the other conserved mycobacterial genes of this group, new drug targets may also be discovered. Only for seven of the 219 genes was variability detected in the genomes of the tested strains from the M. tuberculosis complex and most of these genes are situated in RD regions (Table 2) . Interestingly, several of these genes belong to the ESAT-6 family, which has 23 members on the M. tuberculosis H37Rv chromosome at 11 distinct sites Tekaia et al., 1999) . Some of these genes were located in previously defined regions of difference, such as RD1, RD5 and RD8 Gordon et al., 1999; Tekaia et al., 1999) , whereas others such as esxR (Rv3019c) and esxS (Rv3020c) were identified in this study for the first time as being absent from several strains of the M. tuberculosis complex.
In silico and macro-array analyses of the RD1 region showed that this region is of particular interest because the gene content, as well as the gene order, at this locus is highly conserved among several, sometimes rather distant, mycobacterial species such as M. tuberculosis, M. marinum, M. leprae and M. smegmatis (Fig. 2) , whereas portions of this region were found to be absent from M. avium (Gey Van Pittius et al., 2001) , M. bovis BCG (Mahairas et al., 1996) and M. microti. In fact, the hybridization experiments presented here (Fig. 2) , using DNA from BAC clone MiBAC10C12 (from 4252?3 to 4367?9 kb relative to M. tuberculosis H37Rv), as well as genomic DNAs from two Presence or absence of the 219 orthologous genes of M. tuberculosis H37Rv (Mt) and M. leprae (Ml) in the mycobacterial species M. avium (Ma), M. marinum (Mm) and M. smegmatis (Ms). Genes that were found to share >40 % amino acid identity over >70 % of the predicted protein were considered as orthologous genes and their presence is represented on the table by the sign +, whereas absence of the gene is indicated by the sign 2. Genes of the PE/PPE families are boxed.
Gene
Mt M. microti strains, have contributed to the identification of the RD1 mic deleted region, a segment of 14 kb comprising genes Rv3864-Rv3876 that was deleted from the genome of M. microti strains . The ESAT-6 family, genes esxO-esxP (Rv2346c-47c) located in the RD5 region, as well as esxV-esxW (Rv3619c-20c) from the RD8 region, were absent from all tested M. bovis and M. bovis BCG strains (Table 2) , whereas M. microti lacks the genes in the RD8 region but has the ones from RD5 esxO-esxP (Rv2346c-47c) present. For esxR-esxS (Rv3019c-20c), we found that three M. tuberculosis strains (950530, 950531, 950532) and four M. microti strains (OV254, ATCC 35782, 005004 and 94/2272) did not harbour these genes, whereas they were present in all other tested strains. PCR amplification experiments using sequences flanking esxR-esxS showed that parts of the neighbouring genes PPE46 (Rv3018c) and PPE47 (Rv3021c) were also absent from the strains lacking esxR-esxS. Inspection of the sequence of this region in M. tuberculosis H37Rv showed that in this segment numerous genes contain highly repetitive sequences
]. It appears that in M. microti and the three M. tuberculosis strains the deletion of esxR-esxS was mediated independently by recombination between the highly similar PPE genes PPE46 (Rv3018c) and PPE47 (Rv3021c) which share stretches of 364 and 408 bp of identical sequences, removing a 2?4 kb fragment (Fig. 3 ). This study clearly shows that the variability is greater among the members of the ESAT-6 family than for the other conserved mycobacteria-specific genes. The strong immunogenic character of the ESAT-6 proteins during host-pathogen interactions may be related to this greater variability.
Identification and description of deleted regions
In contrast to the conserved genes between M. tuberculosis and M. leprae, the genes from the known RD regions showed much more variability in the 40 isolates of the M. tuberculosis complex, confirming the finding that certain lineages of strains (e.g. M. bovis) have successively lost genetic material during evolution. In agreement with previously published studies (Brosch et al., 2001 NiobeEyangoh et al., 2003) , the RD9 region was absent from the tested M. africanum, M. microti and M. bovis strains, whereas it was present in M. tuberculosis and M. canettii strains. It represents a key element that defines one evolutionary lineage within the M. tuberculosis complex that has separated from the M. tuberculosis lineage and comprises M. africanum, M. microti and M. bovis. Within this lineage, the M. bovis BCG substrains tested, Birkhaug and Mérieux, showed the greatest number of deleted regions, followed by M. bovis strains and M. microti (Table 2) . Some deletions were found to be characteristic for certain subspecies, for example, the RD1 mic deletion for M. microti strains .
Similarly, we identified a specific deletion, RD2 seal , for strains which were isolated from infected seals in different Table 1. cont. Table 2 . Presence or absence of the tested genes in 40 strains of the M. tuberculosis complex Presence of an RD region is indicated by the sign +, whereas absence of the region is indicated by the sign 2. Note that for regions RD1, RD2 and RD12 in some strains junction sequences are not identical, as outlined in the results section. Cattle UK + + + + " " " " " " " " " " + + + M. bovis MDR Lung Human Spain + + + + " " " " " " " " " " + + + Rv3470c, Rv3479, Rv3888c M. bovis 6 Lymphadenitis Cattle France + + + + " " " " " " " " " " + + + Rv3479 M. bovis 38 Cat France + + + + " " " " " " " " " " + + + Rv3470c, Rv3479, Rv3888c M. bovis 951363 Lung Human + + + + " " " " " " " " " " + + + Rv3479, Rv3888c M. bovis 951366 Lung Human Algeria + + + + " " " " " " " " " " + + + Rv3479 M. bovis 13 Lymphadenitis Cattle + + + " " " " " " " " " " " + + + Rv3479 M. bovis 15 Lymphadenitis Cattle France 47 + + + + " " " " " " " " " " + + + Rv3739c M. bovis 16 Lymphadenitis Cattle France 38 + + + " " " " " " " " " " " + + + M. bovis 950643 Otitis Human France 38 + + + + " " " " " " " " " " + + + M. bovis BCG Mérieux France 51 + " + " " " " " " " " " " " + + + M. bovis BCG Birkhaug + + + " " " " " " " " " " " + + + Seal isolate IP40 Lung Sea lion France + + " " + + + " " " " + + + + + + Rv2428 M. microti ATCC 35782 Lung + " + " + + + " " " " + + + + + + Rv1754c, Rv3019c, Rv3020c M. microti 94/2272 Peritoneal Human Holland + " + " + + + " " " " + + + + + + Rv1754c, Rv3019c, Rv3020c M. microti 005004 Cat Holland + " + " + + + " " " " " + + + + + Rv3019c, Rv3020c M. microti OV254 Vole UK + " + " + +2 + " " " " + + + + + + Rv1754c, Rv3019c, Rv3020c parts of the world. Hybridization results suggested that genes Rv1978 and Rv1979 were absent from the seal isolates. Sequence analysis of the junction region in the four tested seal isolates confirmed this finding and showed that in these strains a 1941 bp deletion has removed parts of genes Rv1978 and Rv1979 (Fig. 4a) . We named this region RD2 seal as it overlaps the 10?7 kb RD2 region, which is missing from some but not all BCG substrains (Mahairas et al., 1996; Behr et al., 1999; Gordon et al., 1999) . In addition, strains isolated from seals were deleted for regions RD7, RD8, RD9 and RD10, whereas regions RD4, RD5, RD6, RD11, RD12 and RD13, usually missing from M. bovis Mostowy et al., 2002) , were present. As the RD2 seal junction regions in the four seal isolates were identical, but different from the RD2 deletion of BCG strains, it appears that this deletion is a specific evolutionary marker for strains prevalent in seals and sea lions (Fig. 4d) .
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The selection of strains used in this study also included two isolates of M. canettii, which have been proposed to represent the most distant phylogenetic variant presently known within the M. tuberculosis complex Gutacker et al., 2002) . We were particularly interested in the unusually low copy number of IS1081 (1 copy) in these strains, as all other members of the M. tuberculosis complex harbour 5-6 copies and display very homogeneous IS1081 RFLP (van Soolingen et al., 1997) . In this respect, one key question was whether the different copy number of IS1081 in the M. canettii strains is due to a low rate of IS1081 transposition in this group of strains or if IS1081 copies may have been deleted from the genome. Bioinformatic comparisons showed that these sites were conserved in all completely or partially sequenced strains from the M. tuberculosis complex (i.e. M. tuberculosis strains H37Rv, CDC1551, Beijing 210, M. microti OV254, M. bovis AF2122/97 and M. bovis BCG) and that the genes flanking IS1081 copies were present in these strains. Furthermore, more distantly related mycobacteria, such as M. avium, M. marinum or M. smegmatis, possess orthologues of these flanking genes, without harbouring IS1081 insertion elements (data not shown). In contrast, hybridization results obtained with genomic DNAs from the two M. canettii strains showed that these strains lacked most of the genes that flank the IS1081 copies in the other members of the M. tuberculosis complex ( Table 3 ), suggesting that in M. canettii strains the number of IS1081 copies is low because of deletion events in this lineage. As an example, Fig. 4(b) shows the genomic region containing genes Rv3113-Rv3124 from M. tuberculosis H37Rv, whereas in M. canettii 14000059 a 12 436 bp deletion was observed that truncated genes Rv3111 (moaD) at position 3 491 865 and Rv3127 at position 3 479 429 relative to M. tuberculosis H37Rv, removing the intervening genomic region that carries a copy of IS1081. Interestingly, this deletion in M. canettii partially overlaps deleted region RD12 from M. bovis strains, which is 2?4 kb in size and has not removed the IS1081 copy (Fig. 4b) . As for other copies of IS1081 that are missing from M. canettii 14000059 and 990161, the absence of many flanking genes suggests that they may have been removed by deletion events as well (Table 3 ).
In the selection of strains were three belonging to the M. tuberculosis Beijing type, showing the characteristic spoligotype and IS6110 insertion in the dnaA-N region. For these strains, macro-array results suggested that they all lacked regions RvD2 and RvD3, which are also absent from M. tuberculosis H37Rv, as shown previously (Gordon et al., 1999) . However, for the Beijing strains, a single deletion of 15?5 kb relative to M. bovis AF2122/97 was detected that has removed both RvD regions, situated next to each other on the chromosome, apparently by homologous recombination between two copies of IS6110. This observation is Red arrows indicate that all tested strains belonging to the phylogenetic groups 2 and 3 showed a 7 bp deletion in their pks15/1 gene, whereas all tested strains from M. africanum, M. microti and M. bovis that had RD7-RD10 deleted were characterized by a 6 bp deletion (green arrows).
in agreement with the findings of Ho and colleagues, who showed that deletions in the RvD2 region can be as large as 20 kb (Ho et al., 2000) .
Micro-deletions in gene pks15/1
In a recent study, Guilhot and colleagues showed that several well characterized M. tuberculosis strains (H37Rv, Erdman, CDC1551 and MT106) lack a particular phenolglycolipid (PGL) that is produced by M. tuberculosis 210 (Beijing type) and M. canettii 14000059, and they linked this observation to a deletion of 7 bp that introduces a frameshift in a gene encoding a polyketide synthase (pks15/1) in these strains (Constant et al., 2002) . Interestingly, in M. bovis AF2122/97 and M. bovis BCG, a 6 bp deletion was observed at the same locus of the pks15/1 gene. As M. bovis and M. bovis BCG both produce PGL, it seems likely that this 6 bp deletion, which does not cause a frameshift in the pks15/1 gene, does not influence the enzymic activity of the resulting gene product for the synthesis of the particular PGL (Constant et al., 2002) . However, as this interesting polymorphism has direct phenotypic consequences, we were interested to determine at what stage of the phylogenetic diversification the deletion of 7 or 6 bp occurred. Therefore, we sequenced PCR products from the polymorphic locus in the pks15/1 gene (Fig. 4c ) in 15 strains from the present study and in 21 additional strains used previously . The results of this approach showed that the 7 bp deletion only occurred in a particular subgroup of M. tuberculosis strains that show the katG 463 mutation CGG and, according to the nomenclature of Sreevatsan and colleagues, belong to genetic group 2 or 3 . All these strains had region TbD1 deleted and also lacked spacers 33-36 in their spoligotype, which is a characteristic feature of these genetic groups Soini et al., 2000) . In contrast, no M. tuberculosis strains of genetic group 1 (katG 463 CTG), including strains of the ancestral type that have the TbD1 region present as well as strains of the Beijing type cluster, which lack the TbD1 region , showed a deletion in the polymorphic locus of the pks15/1 gene.
As for the 6 bp deletion previously observed for M. bovis AF2122/97 and M. bovis BCG (Constant et al., 2002) , in the present study we found the same 6 bp deletion in the pks15/1 gene of all tested M. bovis strains, seal isolates, M. microti and M. africanum lacking regions RD7-RD10. Only M. africanum strains that lack the RD9 region but have retained regions RD7, RD8 and RD10 did not show the 6 bp deletion, suggesting that it occurred after the RD9 deletion, at about the same period as deletion of regions RD7, RD8 and RD10 occurred in the M. africanumRM. bovis lineage (Fig. 4d) . These findings fit well with the proposed evolutionary scenario of the M. tuberculosis complex and suggest that two independent deletion events have occurred in the pks15/1 gene in two distinct branches of the phylogenetic tree of the M. tuberculosis complex. The 7 bp deletion, which inactivated the pks15/1 gene, occurred in the branch of TbD1-deleted 'modern' M. tuberculosis strains at about the same timerange as the katG 463 mutation (CTGRCGG), whereas the 6 bp deletion occurred after the RD9 and before the RD10 deletion in the M. africanumRM. bovis lineage. Considering a clonal structure (Supply et al., 2003; Fleischmann et al., 2002) of the M. tuberculosis complex, it seems that this 6 bp deletion in gene pks15/1 was then inherited by the other members of this branch, and can therefore be found in M. microti, seal isolates, M. bovis and BCG strains (Fig. 4d) .
DISCUSSION
In this study, we evaluated the extent of genetic variability among mycobacteria and in particular those belonging to the M. tuberculosis complex, by using bioinformatic comparisons of newly available mycobacterial sequences together with the macro-array technology that allows the simultaneous screening of many more genes than is possible with previously used PCR-based strategies. In this perspective, it was particularly interesting to determine if genes that are conserved between the two major mycobacterial pathogens M. tuberculosis and M. leprae were present in all M. tuberculosis complex members and other more distantly related mycobacterial species. As shown in Results, the combined approach of bioinformatic analyses, macro-array hybridizations and sequencing of selected genes has resulted in a more-refined picture of the M. tuberculosis complex, indicating that within the M. tuberculosis complex and other tested mycobacteria, a very high degree of conservation exists for the genes shared by M. tuberculosis H37Rv and M. leprae.
Among the few exceptions, members of the ESAT-6 family were most prominent. The members of this family are characterized by a small size (~100 aa) , common amino acid motifs (Tekaia et al., 1999) , and several of them are organized in genomic loci with similar organization, suggesting that the neighbouring genes may have some function in the transport of these proteins out of the bacterial cell Tekaia et al., 1999; Pallen, 2002) . The first experimental proof for this hypothesis was recently obtained for the RD1 region of M. tuberculosis (Fig. 2) , which is absent from BCG and M. microti (Pym et al., 2003) . In the same study, it was shown that recombinant vaccine strains that appropriately exported ESAT-6 and CFP10 induced better protection against tuberculosis in animal models. This finding may be linked to the highly immunogenic character that was demonstrated in several studies for ESAT-6 and other members of this family (Skjot et al., 2002) . Indeed, most ESAT-6 proteins, deleted from one or more strains as identified in the present study, are strongly recognized by the immune system of the host (Skjot et al., 2002) . Furthermore, two additional members of the ESAT-6 family (Rv3809c, Rv3905c) are reported to be altered in the sequenced M. bovis AF2122/97 strain (Garnier et al., 2003) . Taken together, it seems plausible that variation of ESAT-6 family proteins in strains of M. tuberculosis and/or members of the M. tuberculosis complex could contribute to antigenic variation, eventually helping the bacteria to escape immune recognition by the host. To elucidate the biological function of this protein family, further studies are necessary. The finding that the RD1 region is highly conserved in gene content and gene order in several pathogenic and non-pathogenic mycobacterial species (Fig. 2) suggests that ESAT-6 systems may play a fundamental role in survival in specific environments. This knowledge, together with appropriate cosmid and BAC libraries from these species , should enable now very focused studies on the role of these proteins in the various mycobacteria.
In the tight-knit M. tuberculosis complex, where single nucleotide substitutions do not seem to be a substantial source of genetic diversity between strains, the presence or absence of certain regions of difference may play important roles in the varying phenotypes, host range and virulence of these bacteria (Pym et al., 2002; Lewis et al., 2003) . Analyses of these RD regions in well-defined strains from the M. tuberculosis complex have allowed us to describe distinct phylogenetic lineages within the M. tuberculosis complex that have evolved from a common ancestor. In this study, we describe RD regions that are characteristic for certain subpopulations of the M. tuberculosis complex. One of the regions (RD2 seal ) is restricted to strains that were isolated from seals. In the past, seals have been described to be susceptible to tuberculosis, but it was not always clear if the infections in seals were caused by M. tuberculosis and/or M. bovis (Zumarraga et al., 1999) . However, by the use of macro-arrays and sequencing strategies we show here that the tested strains, which were isolated from seals in different geographical regions (Argentina, France), lack RD7, RD8, RD9 and RD10 and the particular region RD2
seal that seems to be specific for tubercle bacilli hosted by seals. The analysis of all available genetic markers (RDs, mmpL6 polymorphism, pks15/1 polymorphism and spoligotype) showed that the seal isolates are phylogenetically more closely related to M. bovis than to M. tuberculosis. Their position in the established evolutionary scheme (Fig. 4d) is somewhere close to M. microti, which also lacks RD7-RD10, shares the mmpL6 codon 551 single nucleotide polymorphism (SNP) of M. bovis (AAG) and presents a particular deletion (RD1 mic ) that is restricted to this subspecies. The position of the seal isolates in the phylogenetic scheme of the members of the M. tuberculosis complex shown in Fig. 4(d) is in good agreement with a recent SNP analysis by Musser and colleagues (Gutacker et al., 2002) , who also placed these isolates as intermediate between M. tuberculosis and M. bovis. In a very recent study, the seal isolates were considered as sufficiently distant from M. bovis and M. tuberculosis to place them in a separate subspecies of the M. tuberculosis complex (Cousins et al., 2003) . In this respect, the marker RD2 seal is a valuable tool for the rapid identification of such strains.
The analysis of the sequence polymorphism in the pks15/1 gene, which abolishes production of a particular phenolglycolipid in a large group of M. tuberculosis strains (Constant et al., 2002) , showed excellent agreement of the observed polymorphism with all other evolutionary markers available and confirmed the phylogenetic position of the strains used in this study (Fig. 4c, d ). These results suggest that the 6 bp deletion in the pks15/1 gene in the M. africanumRM. bovis lineage arose independently from the 7 bp deletion observed for M. tuberculosis strains of Sreevatsan's group 2 and 3. Closer inspection of the flanking sequences of this polymorphic locus (Fig. 4c) in the pks15/1 gene showed that this genomic region is very GC-rich. In genes that code for PE and PPE proteins, such GC-rich regions have previously been associated with increased sequence polymorphism between strains Banu et al., 2002) . Interestingly, the pks15/1 sequence polymorphism is not the only example where independent deletion events have occurred in different evolutionary lineages of the tubercle bacilli in the same genomic regions. Other examples are the RD1 region of BCG (9?7 kb) and M. microti (14 kb), the RD2 region of BCG (10?7 kb) and seal strains (2 kb), or the RD12 region in M. bovis (2?7 kb) and M. canettii (12?4 kb). The size of the deletions, as well as the junction sequences of these regions, are clearly distinct from each other, indicating that no direct phylogenetic relationship exists between them. This observation raises an important point for the interpretation of micro-and macro-array data and implies that sequencing of the junction regions of thereby identified deleted regions (Fig. 4a, b) is necessary before the presence/absence of these marker genes can be used in the construction of evolutionary schemes. From a practical point of view, the pks15/1 polymorphism may serve as an important additional marker for the identification and classification of members of the M. tuberculosis complex, as well as for the characterization of mycobacterial DNAs amplified from mummified human remains. Recent studies have shown that, according to their spoligotype and their katG 463 SNP, in former human populations M. tuberculosis strains were present that resembled TbD1-deleted M. tuberculosis strains of Sreevatsan's genetic group 2 and 3 (Zink et al., 2003; Fletcher et al., 2003) . As shown in the present study, it appears that a strict correlation exists between these characteristics and the frameshift mutation (deletion of 7 bp) in the pks15/1 gene.
The situation of mycobacterial research has considerably changed in the last few years due to the information contained in the whole-genome sequence of M. tuberculosis H37Rv, the paradigm strain of tuberculosis research. However, genomic variation may exist among different strains and, for the mycobacteria, only very few studies have addressed this question by the use of DNA arrays and then for a limited number of strains (Behr et al., 1999; Kato-Maeda et al., 2001) . We therefore evaluated the extent of the conserved gene pool relative to the flexible gene pool in a collection of strains from the M. tuberculosis complex and for some other mycobacterial species; this has led to a better understanding of the genetic criteria that may have played a role in the selection of the most successful M. tuberculosis strains during the evolution of the pathogen. This information is of importance for the development of new therapeutic and preventive strategies in the fight against tuberculosis.
